study seeks to explore the evolutionary pathways of IAVs that move from wild birds into domestic poultry. A better understanding of viruses at this interface will help improve influenza surveillance and management strategies, reduce economic and animal losses, and decrease opportunities for the generation of novel pathogens, including those that can infect humans and cause pandemic influenza threats.
RESULTS
H5 LPAIVs were sporadically detected in CPFs and LBMs. In this study, an isolate is defined as an IAV recovered from wild birds or domestic poultry, and an introduction is defined as a case of IAV infection in domestic poultry; one or more isolates may be recovered from the same introduction. A total of 78 H5 LPAI isolates from domestic poultry in North America during 2001 to 2017 were included in the study. Isolates were recovered from CPFs (n ϭ 11), BYPs (n ϭ 3), GBPs (n ϭ 2), and LBMs (n ϭ 62) ( Table 1) . H5 isolates were identified on CPFs in turkey (n ϭ 11, commercial turkey growers are indoor operations with curtain-sides); from BYPs in a mallard duck, a domestic duck, and a guinea fowl; from GBPs in a pheasant and a quail; and in LBM samples collected from domestic ducks (n ϭ 42), chickens (n ϭ 7), guinea fowl (n ϭ 6), turkey (n ϭ 1), quails (n ϭ 2), pheasant (n ϭ 1), and unknown species (n ϭ 3) ( Table 1 ). Based upon the inferred phylogenetic relationships and nucleotide identities for the HA gene segment, these 78 H5 poultry isolations result from 18 independent introductions (see details in Materials and Methods) ( Fig. 1A ; see also Fig . S1 in the supplemental material). Among the 18 introductions, 5 were detected in CPFs, 9 in LBMs, 2 from a BYP, and 2 from a GBP (Fig. 1A) . Each introduction event was identified by the operation type, state, year, and HA/NA subtype from the first isolate; for example, CPF-WI-2017(H5N2) denotes an H5N2 event in commercial turkeys from Wisconsin during 2017. When more than one event occurred in a state within 1 year, the events are distinguished by a letter; for example, LBM-NJ-2006(H5N2)a and LBM-NJ-2006(H5N2)b represent two independent H5N2 events in New Jersey LBMs during 2006.
H5 LPAIVs from United States and Canadian domestic poultry are of North American lineage and share genetic ancestry with wild-bird origin IAVs. Geographic lineage was assigned based upon phylogenetic analyses of the HA gene for the 78 H5 LPAIVs; we considered this lineage to be comprised primarily of four distinct sublineages ( Fig. 1B) . A total of 70 of the 78 domestic poultry isolates characterized in this study, as well as the majority of the wild-bird origin H5 LPAIVs identified in the United States and Canada from 2001 to 2017 clustered within sublineages 1 and 2. Viruses causing enzootic outbreaks of IAVs among domestic poultry in Mexico are clustered in sublineage 3, whereas IAVs circulating in both wild birds and domestic poultry in the United States and Canada during 1966 to 1990 were grouped in sublineage 4 ( Fig. 1B) . Eight additional H5 subtype IAVs identified in poultry from the United States and Canada, along with a relatively small number of wild-bird origin IAVs isolated from samples collected during 1987 to 2008, clustered in clades not assigned to these four sublineages ( Fig. 1B) .
We used the relationships inferred by phylogenetic and nucleotide sequence identities to further distinguish genetic groups within sublineages 1 and 2. The 78 H5 isolates from North American poultry clustered into 18 distinct genetic groups. Five genetic groups contained isolates detected in domestic birds sampled on CPFs, nine genetic groups contained isolates detected in birds sampled from LBMs, two genetic groups contained isolates detected in birds sampled from BYPs, and two genetic groups contained isolates detected in birds sampled from GBPs. For most poultry isolates (67%), nucleotide sequence identity at the HA gene segment of H5 LPAIVs was Ͼ99% similar to that for wild-bird origin viruses (Fig. 1B; see also Fig. S1 and Table S1 in the supplemental material); however, within a genetic group, the poultry isolates were most similar to each other, suggesting a common introduction event with subsequent spread (Fig. S1 ). Based upon this analysis, each of the 18 genetic groups was determined to represent discrete introduction events of IAVs from wild birds to domestic poultry. Additionally, only one production system was affected in each of the 18 inferred introduction events (e.g., CPFs, BYPs, GBPs, or LBMs) ( Table 1) . Based upon phylogenetic analyses, the NA and internal gene segments of the H5 LPAI from poultry (including CPFs, LBMs, GBPs, and BYPs) were genetically diverse ( Fig.  2 ). Phylogenetic analyses also identified potential precursor strains for 15 of the 18 purported introductions; three events were excluded: CPF-CA-2002(H5N2) had an incomplete genome, LBM-NY-2016(H5N2) lacked wild-bird progenitor genes, and LBM-NY-2007(H5N2) lacked wild-bird precursors ( Table 2 ). For 13 of the inferred introductions, potential wild-bird progenitor strains shared similar phylogenetic positions in Circle sizes indicate the numbers of H5 influenza A virus isolates in the corresponding U.S. state/Canadian province. Based on ecologic attributes, the hosts of influenza viruses were categorized into 9 different groups: dabbling duck, diving/sea duck, goose/swan, gull/tern/seabird, poultry, raptor, shorebird, other avian, and unknown. Viruses from avian species that did not fit into any of these functional groups were categorized as "other avian," and viruses for which the species sampled were unclear or for which the domestic status was ambiguous were categorized as "unknown." tree topologies with high nucleotide sequence similarity for 3 or 4 gene segments ( Table 2 ). Potential wild-bird progenitor viruses across all eight gene segments were identified for two purported introductions: a Canada goose (Branta canadensis) virus for CPF-MO-2016(H5N1) and an American wigeon (Mareca americana) for BYP-OR-2006(H5N2) ( Table 2) .
Geographic and temporal patterns of H5 LPAIV lineages in North America. Fifteen of the 18 introductions were detected in only one flyway: seven within the Atlantic Flyway (one CPF and six LBM detections), three within the Mississippi Flyway (two CPF and one BYP detection), one in the Central Flyway (a CPF detection), and four within the Pacific Flyway (one CPF, one BYP, and two GBP detections). The remaining three introductions were LBM-associated detections in the Atlantic and Mississippi Flyways. Of the LBM events, eight were genetically related other IAVs detected in Canadian provinces or U.S. states (Table 1) .
To further evaluate gene flow for the H5 HA gene segment, we performed phylogeographic analyses for viruses in sublineages 1 and 2. Viruses in sublineage 1, which No data for potential precursor virus, number of possible progenitor genes, or sequence identity because the complete genome was not available.
included viruses associated with 13 introduction events, were predominantly from the Central (5.36%), Mississippi (31.07%), and Atlantic (63.57%) Flyways. Most (81.03%) of the viruses in sublineage 2, associated with three introduction events, were from wild birds sampled within the Pacific Flyway (Fig. 1C ). Two events were not associated with either lineage 1 or 2, i.e., CPF-CA-2002(H5N2) and LBM-NY-2007(H5N2), the latter of which involved seven LPAIVs detected during 2007 to 2009. Bayesian analyses of viruses in sublineages 1 and 2 indicated unilateral or bilateral state transitions suggestive of H5 HA gene flow among the Atlantic, Mississippi, and Central Flyways and among the Mississippi, Central, and Pacific Flyways (Bayes factor Ͼ 3). However, no state transitions suggestive of H5 HA gene flow were supported between the Atlantic and Pacific Flyways (Bayes factor Ͻ 3; no significant transition was observed) (see Table  S2 and Fig. S2 in the supplemental material). In summary, phylogeographic analyses suggested H5 HA gene flow across adjacent or nearby flyways but not between the Atlantic and Pacific Flyways.
H5 LPAIVs detected in domestic poultry are likely descendant from those in dabbling ducks or geese/swans. To understand whether specific hosts were associated with virus introductions detected in domestic poultry, we categorized bird host species into 9 functional groups based on taxonomic and ecologic attributes: dabbling duck, diving/sea duck, goose/swan, gull/tern/seabird, raptor, shorebird, other avian, unknown, and poultry (see Materials and Methods for details). Phylogeographic analyses were performed to estimate Bayes factors between the domestic poultry viruses and viruses from each functional group. A combination of a Bayes factor of Ն3 and a mean indicator of Ն0.5 was used as the threshold of statistical significance; a larger Bayes factor indicates a higher probability that a specific functional group is associated with an introduction event (3, 23) .
Using phylogeographic analyses, we assessed the genetic origins for 16 of the 18 purported introduction events; two events were excluded: CPF-CA-2002(H5N2) had an incomplete genome, and LBM-NY-2016(H5N2) lacked related wild-bird samples. Our results suggest that IAVs in wild waterfowl (dabbling ducks, swans/geese, or diving/sea ducks) were the probable progenitor for at least one viral gene segment for 15 of 16 investigated introduction events; no probable wild-bird IAV progenitor was identified for LBM-NY-2007(H5N2) (see Tables S3 and S4 in the supplemental material). Neither gulls/terns/seabirds nor raptors were supported as probable sources of gene segments for H5 IAVs detected in domestic poultry, and shorebirds were supported as a probable progenitor for only one gene segment for a single introduction event [MP gene of CPF-VA-2007(H5N1)]. Dabbling ducks, in particular, were associated with numerous gene segments from North American poultry viruses, including all gene segments of viruses involved in the following outbreaks: CPF-WI-2017(H5N2) (Bayes factor, 6.59 to 35.12), CPF-MB-2010(H5N2) (Bayes factor, 3.24 to 189.74), LBM-NJ-2015(H5N1) (Bayes factor, 4.65 to 138.71), LBM-NY-2006(H5N2) (Bayes factor, 6.89 to 1,244.25), and LBM-NJ-2006a(H5N2) (Bayes factor, 12.21 to Ͼ10,000) (Table S4 ). For recent introductions (2015 to 2017), CPF-WI-2017(H5N2) was associated with dabbling duck origin viruses across all eight segments (Bayes factor, 6.59 to 35.12) (Table S3 ); CPF-MO-2016(H5N1) was associated with goose/swan origin viruses across six segments (PB2, PB1, PA, HA, MP, and NS) (Bayes factor, 15.69 to 149.91) ( Fig. 3 ; Table S3 ); and LBM-NJ-2015(H5N1) was associated with dabbling duck viruses (HA and NA; Bayes factors, 53.98 and 8.12, respectively), diving/sea duck virus (NP; Bayes factor, 169.25), and goose/swan virus (NS; Bayes factor, 9.55) (Table S3 ). Functional groups associated with all eight gene segments were identified for only 4 of the 18 purported introductions into North American poultry during 2001 to 2017. Among them, all gene segments were associated with dabbling duck, goose/swan, or unknown functional groups (Tables S3 and S4 ).
H5 LPAIVs in LBMs have potential opportunities for reassortment. The opportunity for reassortment exists whenever two or more viruses circulate simultaneously. For CPFs, only a single genotype was associated with each introduction event, whereas multiple genotypes were identified among viruses associated with two of the LBM introductions [LBM-NY-2006(H5N2) and LBM-NJ-2001(H5N2)] (Fig. 2 ). Neither LBM virus was found to be related to other poultry introduction events in this study. Reassortment may have played a role in the evolutionary pathways of viruses associated with LBM-NY-2006(H5N2) and LBM-NJ-2001(H5N2). Phylogeographic analyses suggest that viruses from several functional groups may have contributed to the evolution of viruses detected in LBMs (Table S4 ). The viruses from the unknown group could include those from other reservoirs (e.g., wild bird) for which we lack data or uncontrolled viruses in the LBMs. Thus, these H5 viruses can be associated with a single introduction of the H5 gene, but NA or internal genes could be associated with viruses (all HA/NA subtypes rather than only the H5 subtype) that may circulate in LBMs or with introductions from other reservoirs (e.g., wild birds).
Compared with H5 viruses detected on CPFs, those detected in LBMs were more temporally and spatially diverse. Table S3 .
were obtained for 9 introduction events ( Table 3 ). Estimated temporal gaps for three CPF introductions were 146, 80, and 142 days (average Ϯ standard deviation, 123 Ϯ 37 days) ( Table 3 ). The temporal gaps for seven LBM introductions varied from 97 to 487 days (average Ϯ standard deviation, 231Ϯ 137 days) ( Table 3) .
DISCUSSION
We investigated evolutionary pathways for 78 H5 LPAIVs detected in North American domestic poultry across CPFs, BYPs, GBPs, and LBMs during 2001 to 2017; our data suggest that the events were the results of 18 discrete virus introductions from wild birds. The H5 LPAIVs from North American poultry in this study share ancestry with viruses circulating among wild waterfowl, a finding generally consistent with those from other investigations of outbreaks in U.S. poultry production systems (3, 9, (17) (18) (19) (20) (21) . Our findings support that H5 LPAIVs maintained in certain wild bird species represent an ongoing threat to domestic poultry in North America.
A previous study investigating the ancestral origins of an H7 HPAIV reported among turkeys in Indiana, United States, suggested that IAVs from diving ducks were associated with evolution of the virus ultimately introduced into the CPFs, resulting in an outbreak (3). Our results show limited evidence for diving-duck-associated IAVs contributing to the ancestry of H5 IAVs detected in North American poultry; instead, we found proportionally more evidence for contributions from dabbling ducks and geese/ swans ( Fig. 3 ; Table S4 ). These findings suggest multiple potential evolutionary pathways for IAVs that are introduced to domestic poultry, and they highlight one of the challenges for avian influenza surveillance in wild birds: identifying the most pertinent wild bird species to target for sample collection to obtain meaningful reference information for better understanding the emergence of IAVs among poultry (24, 25) .
We explored the time and location of H5 IAV introductions detected in various poultry production systems, including multiple introductions into CPFs and LBMs, but did not identify any clear patterns for introductions. Instead, H5 IAV introductions appeared to be sporadic throughout the year and occur in states/provinces in multiple regions of the United States and Canada. However, it is possible that the number of purported H5 introductions identified in this study was too small to detect patterns or that our data were of insufficient resolution to accurately identify the true times/ locations of introduction events.
Our results suggest that sublineages of contemporary North American origin H5 gene segments have different geographic distributions: sublineage 1 was predominantly detected in the Atlantic Flyway but was also detected at a lower frequency in other flyways, whereas sublineage 2 was most frequently detected in the Pacific Flyway but was also identified at lower relative abundance in other flyways. Recent genomic 
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High Commercial farms evidence indicates that viruses initially have modest fidelity to migratory bird flyways; however, over multiple years, IAV lineages tend to disperse flyways (26, 27) . Sublineages 1 and 2 have been cocirculating in wild birds in North America since 2002, so their restricted gene flow appears to be atypical. Post hoc phylogeographic analyses did not show similar geographic patterns for other HA gene segment sublineages or for those of other genes (data not shown). Additional research is needed to identify genetic barriers in North America for these two H5 sublineages.
Our results provide evidence that, compared with H5 IAV introductions in North American LBMs, those in each CPF introduction had a single genotype and a more recent estimated TMRCA with viruses circulating among wild birds. This may indicate that poultry management activities in North America have successfully identified and quickly stamped out low-pathogenic H5 IAVs in domestic birds raised on CPFs before the viruses have reassorted or become highly pathogenic. IAVs associated with introductions in LBMs sometimes had more than one genotype and, compared with CPF-associated IAVs, had longer mean TMRCAs with inferred wild bird predecessor viruses. Thus, viruses in North American LBMs may have a longer opportunity to cocirculate with other IAVs and subsequently form reassortants. Furthermore, the detection of genetically similar viruses associated with a single introduction event across multiple years and U.S. states/Canadian provinces suggests that management activities relative to the detection and stamping out of H5 IAVs may be less efficient in LBMs than on CPFs.
On the basis of our results, we propose a conceptual model ( Fig. 4 ) describing generalized evolutionary pathways for low-pathogenic H5 avian IAVs detected in North American domestic poultry. Our results suggest that H5 viruses detected in domestic poultry in the United States and Canada are descended from IAVs circulating among wild birds, typically waterfowl, that are periodically introduced into poultry production systems. It appears that, on CPFs, H5 IAVs are detected relatively quickly through surveillance efforts and that the viruses are effectively eradicated through slaughter and additional preventative measures, as witnessed by apparent independent evolutionary pathways for viruses of a single genotype associated with each introduction event. In contrast, our study provides evidence that viruses in LBMs are not detected as rapidly as those on CPFs and, therefore, may have a greater potential for genetic reassortment with other wild-bird-associated IAVs. The high mobility of birds sold in LBMs also facilitates the geographic spread of viruses in the U.S. states and Canada.
In summary, the apparent repeated introduction of H5 IAVs from wild birds to domestic poultry in North America highlights the importance of avian IAV surveillance, particularly at the interface of wild birds and domestic poultry. Proactive and strategic surveillance covering multiple wild bird species and integrating genomic sequencing approaches is critical to understanding the evolutionary pathways of IAVs; such knowledge will be valuable in efforts to refine monitoring activities and optimize earlywarning systems. In addition, our findings support the premise that avian H5 IAVs introduced from wild birds present an ongoing threat to domestic poultry and can be controlled effectively through management practices, particularly those implemented in North American CPFs.
MATERIALS AND METHODS

Data.
To understand the genesis of low-pathogenic avian H5 IAVs in North America, we sequenced 37 isolates recovered from domestic poultry samples collected during 2001 to 2017 (see Table S5 in the supplemental material); 27 of the isolates were H5N2 viruses (including mixed viruses) from LBMs, 5 were H5N2 viruses from CPFs, 1 was an H5N2 virus from a BYP, 1 was an H5N2 virus from a GBP, and 3 were H1N1 viruses from turkeys (n ϭ 2) and a chicken (n ϭ 1). Of note, if multiple isolates identified from the same case report had identical genomic sequences, only one of the isolates was selected for this study. We analyzed sequence data for these 34 poultry H5 isolates and 44 other North American poultry origin IAVs deposited in public databases (for a total of 78 H5 isolates) ( Table 1 ). In addition, we sequenced 127 H5 IAV isolates originating from wild birds (mostly during 2015 and 2016, n ϭ 116) in 30 U.S. states (Table  S5) ; the isolates were from dabbling ducks (n ϭ 94), shorebirds (n ϭ 16), geese/swans (n ϭ 10), gulls/terns/seabirds (n ϭ 3), diving/sea ducks (n ϭ 1), and unknown avian species (n ϭ 3). Genomic sequencing and sequence assembly were performed as previously described (3); the GenBank accession numbers are listed in Table S5 and below. The geographic, temporal, and host distributions of all viruses Furthermore, we found evidence suggesting reassortment between H5 viruses and other influenza A viruses in LBMs, resulting in multiple genotypes associated with a single introduction event. The blue and red lines denote genetically distinct gene segments; in each virus, the segments were vertically sorted in the order of PB2, PB1, PA, HA, NP, NA, MP, and NS.
that we sequenced are shown in Fig. S3 in the supplemental material. In this study, the IAVs from commercial flocks and LBMs were isolated during poultry premovement monitoring activities, suspected IAV outbreaks, or surveillance activities; the IAVs from wild birds were isolated during active influenza surveillance.
To perform systematic analyses, we retrieved the genomic sequences for all avian-origin IAVs from the following public databases in April 2017: the Influenza Virus Resources (28)the Influenza Research Database (29)(https://www.fludb.org), and GISAID (30)(https://www.gisaid.org). For those viruses for which we obtained redundant sequences, we only included the longest sequence contig per gene segment in analyses. In total, we used sequences from ϳ20,000 influenza viruses worldwide, including Ͼ 9,000 IAVs of North American origin (see Table S6 in the supplemental material). Because our preliminary phylogenetic analyses of these genomic sequences suggested that the low-pathogenic H5 IAV isolates in domestic poultry were genetically related to North American lineage IAVs (data not shown), we focused subsequent data analyses only on sequences for IAVs detected in North America. The temporal and host distributions of all viruses of North American origin included in this study are shown in Fig. S4 in the supplemental material.
Sequence alignment and phylogenetic analysis. Multiple sequence alignments were generated using MAFFT v7.273 (31) . Phylogenic analyses were performed using an approximate maximumlikelihood method with a generalized time-reversible substitution model and a "CAT" approximation rate model by using FastTree v2.1 (32) . These preliminary trees provided initial inferences regarding tree topology among all sequences in the public databases, specifically to differentiate gene segment sequences of North American lineages from those of Eurasian lineages. A refined phylogenetic tree for each gene segment was then reconstructed using a maximum-likelihood method by running RAxML v 8.2.9 (33) . A gamma model of rate heterogeneity and a generalized time-reversible substitution model were used for these phylogenetic analyses, and bootstrapping was conducted using the same rate and substitution models. Phylogenetic trees were visualized by ggtree v1.6.11 (34) 
